In HSV-1 (herpes simplex virus 1)-infected cells, the U L 41 gene product carried with the virion has been shown to mediate the degradation of mRNA, leading to the shut-off of cellular protein synthesis. Analysis of the RNAs accumulating in cells infected with HSV-1 revealed the accumulation of RNAs encoding numerous cellular proteins both associated with and independent of activation of the NF-κB (nuclear factor κB) pathway. Studies on the activation of NF-κB and the expression and fate of selected cellular transcripts revealed the following. (i) In HSV-1-infected cells, NF-κB is activated by activated protein kinase R. Furthermore, the blockade of NF-κB translocation by suppression of protein kinase R activation does not render the cell more susceptible to apoptosis induced by viral gene expression. (ii) A number of mRNA up-regulated in infected cells [e.g. IκBα (inhibitory κBα), the immediate-early response protein IEX-1 and c-fos] are partially degraded and not translated. The degradation is U L 41-dependent and results in deadenylation, endonucleolytic cleavage and 3 -5 degradation. The 5 -portion resulting from the endonucleolytic cleavage tends to linger in the infected cells. To date, the RNAs processed in this manner contained ARE (AU-rich elements) in their 3 -untranslated domains. RNAs lacking ARE were expressed and not degraded in this manner. (iii) Tristetraprolin and T-cell internal antigen-1, cellular proteins involved in the degradation of ARE-containing RNAs, are induced and activated in infected cells and tristetraprolin interacts physically with the U L 41 protein.
Introduction
HSV-1 (herpes simplex virus 1) has evolved an elaborate strategy to block host responses to infection. Of the numerous functions expressed by viral gene products designed to shut off the host, two are particularly important. A protein designated as virion host shut-off (vhs) or U L 41, which is brought into the cell as a component of the viral tegument, causes the degradation of pre-existing and newly transcribed mRNA during the first few hours after infection [1, 2] . The nucleolytic activity of U L 41 is specific for mRNA. Host rRNA and tRNA remain unaffected, whereas viral and host mRNAs are rapidly degraded. Since viral mRNA is transcribed at a higher rate compared with cellular mRNA, viral proteins do accumulate. At middle or late times after infection, U L 41 interacts with the viral protein VP16 and it becomes inactive [3] . Another protein made immediately after infection, ICP27 (infected cell protein 27), contributes to the decrease in cellular mRNA levels by blocking pre-mRNA splicing [4, 5] . Late in infection, ICP27 shuttles between the nucleus and cytoplasm and promotes the export of viral mRNAs [6, 7] and it no longer appears to block splicing (see [8] for a review). The known functions of U L 41 and ICP27 would predict that accumulation of cellular mRNA early in infection would be significantly decreased and even less would be processed into mRNA and translated.
Global analysis of gene expression in quiescent fibroblasts infected with HSV-1
The influence of HSV-1 on gene expression in human fibroblasts was examined with cDNA microarrays [9] . The quiescent human foreskin fibroblasts used in these studies most closely resemble the human cells that are likely to be infected in vivo. Moreover, growth arrest induced by confluency and serum starvation could be expected to reduce transcriptional activity to the bare minimum. RNA extracted from cells infected with HSV-1 was profiled on an Affymetrix array containing more than 12 000 human transcripts. Since a random degradation of the mRNA occurs early in HSV-1 infection owing to the U L 41 protein, the study focused on genes whose mRNAs are up-regulated after HSV-1 infection. The microchip analyses indicated that almost 500 genes were up-regulated more than 3-fold in HSV-1-infected cells compared with mock-infected cells. These results were validated by real-time PCR, which confirmed accumulation of 75% of the RNAs tested, suggesting reliability of the microchipbased analyses. The peak of induction was at 7 h after infection, coinciding with the expected decrease in activity of the U L 41 protein. The up-regulated genes were clustered into 15 groups with respect to temporal pattern of transcript accumulation and classified into 19 groups on the basis of their function. Certain classes of genes were prominently affected. More than 60 mRNAs encoding transcription factors and/or proteins involved in transcription regulation were modulated after virus infection. Interestingly, most of these genes showed a peak of induction very early in infection. Several genes that were up-regulated at later times respond to intracellular stress or concern themselves with the cell cycle and apoptosis.
Concurrently, the profiles of mRNA accumulating in cells infected with a mutant lacking the U L 41 open reading frame ( U L 41) were compared with those extracted from cells infected with wild-type virus. The patterns of cellular responses were consistent with the predicted effects of U L 41 ( Figure 1) . A larger number of genes were up-regulated very early after infection in U L 41-infected cells compared with wild-type-virus-infected cells. An unexpected finding was that the large number of genes predicted to be down-regulated early in infection with wild-type virus actually occurred late in infection. The apparent decrease in accumulation of transcripts late in infection with wild-type virus may reflect a late function associated with the synthesis of U L 41 late in infection. However, there is also the possibility that in the absence of de novo transcription, the existing RNAs decay and the rate of decay depends on the properties of the mRNAs.
NF-κB (nuclear factor κB) activation by HSV-1 infection
The microchip analyses indicated that a significant number of RNAs up-regulated after infection with HSV-1 were transcribed from cellular genes whose expressions are regulated by NF-κB. This observation is concordant with reports that HSV-1 induces the activation of NF-κB [10, 11] . The activation of NF-κB by HSV-1 is believed to be biphasic. A transient, UV-sensitive and cell-type-dependent activation was reported to take place early after infection and is supposedly triggered by the binding of glycoprotein D to the herpes virus entry mediator A, a member of the TNFR (tumour necrosis factor receptor) superfamily. The cytoplasmic domain of members of the TNFR superfamily binds members of the TRAF (TNFR-associated factor) family that can activate NF-κB [10, 12, 13] . At later stages of infection, a second IKK (inhibitory κB kinase)-mediated NF-κB activation occurs, leading to persistent NF-κB nuclear translocation [11] . This phase was reported to be dependent on the synthesis of viral α proteins, particularly ICP4 and ICP27 [10, 11] . However, based on the regulatory functions of ICP4 and ICP27, we cannot exclude that other viral proteins, whose expressions are dependent on these two α proteins, play a role in NF-κB activation. We reported recently that, in cells infected with HSV-1, activation of NF-κB correlates with activation of PKR (protein kinase R) [14] . Specifically, (i) PKR is activated in cells infected with HSV-1, although the effects of the activated enzyme on protein synthesis are later negated by the viral protein γ 1 34.5, which binds and diverts phosphatase 1α to dephosphorylate the α subunit of translation initiation factor 2 (eIF-2α). HSV-1 failed to induce NF-κB in murine cells from which the PKR genes had been knocked out. In these cells, the virus expressed both early and late genes in a manner indistinguishable from that expressed in the wild-type parent cells. (ii) In cells infected with a replication-competent mutant virus lacking the γ 1 34.5 gene but containing U S 11 open reading frame driven by an α promoter (R5104), eIF-2α is not phosphorylated and, in in vitro assays, the activation of PKR is blocked by the binding to U S 11 protein [14, 15] . In cells infected with the R5104 mutant virus, IκBα (inhibitory κBα) was not phosphorylated and NF-κB was not translocated to the nucleus. (iii) A recent report suggested that the role of activated NF-κB is to block apoptosis induced by viral gene products [16] . Contrary to expectations, the replication-competent R5104 mutant virus, which failed to activate NF-κB, did not cause the cells to undergo apoptosis.
What advantages, if any, accrue to HSV-1 by NF-κB activation?
One approach to answer this question is to verify and determine the significance of the accumulation in infected cells of RNA transcribed from genes up-regulated by NF-κB. The stress-inducible cellular gene encoding the immediateearly response protein IEX-1 is one of these genes. The accumulation of IEX-1 transcripts in infected cells reaches a peak between 3 and 7 h after infection and decrease thereafter. However, IEX-1 protein was detected in cells only at 1 h after infection but not at later times. This discrepancy is linked to the partial degradation of IEX-1 transcripts in the course of the HSV-1 infection. Indeed, our studies revealed that IEX-1 RNA accumulating in the cytoplasm of HSV-1-infected cells consisted of three populations [17, 18] . The first population was present primarily at 1 h after infection and consisted of apparently full-length, normally spliced RNA. The second population represented partially degraded forms of IEX-1 RNA. Lastly, a fraction of the IEX-1 RNA contained the intron sequence and appeared to be the unspliced precursor RNA. The accumulation of this RNA was dependent on the presence of functional ICP27, consistent with an earlier report that ICP27 enables the transportation of unspliced RNA from the nucleus to the cytoplasm [19] . Neither of the last two RNA populations could translate the authentic IEX-1 protein, explaining why the protein expression does not correlate with the time course of mRNA accumulation in HSV-1-infected cells. The partially degraded forms of IEX-1 RNA were identified by several techniques. HSV-1 blocks IEX-1 synthesis by a progressive deadenylation of the mRNA, an endonucleolytic cleavage in the 3 -UTR (3 -untranslated region) and a 3 -5 degradation of the transcript. The accumulation of the partially degraded RNA forms is related to the function of U L 41 protein inasmuch as none of these processes were detected in cells infected with the U L 41 mutant virus. An interesting characteristic of the degradation process in infected cells is that the partially degraded RNAs persisted and were readily detected in the cytoplasm of infected cells, whereas, in normal cells, the products of RNA degradation do not linger for extended periods of time [20] . Our studies indicated that the truncated forms of IEX-1 RNA accumulating in HSV-1-infected cells contained an intact 5 -terminus and that the IEX-1 RNA is, in fact, degraded in a 3 -5 direction, an observation inconsistent with an earlier report that U L 41 mediates the degradation of RNA in a 5 -3 -dependent manner [21] . Finally, overexpression of exogenous IEX-1 protein delivered to the cells by the baculovirus system before HSV-1 infection had no effect on viral gene accumulation and virus yield, even at low multiplicities of infection [17] .
Degradation of RNAs and the mechanism by which cellular RNAs are degraded are selective
Results obtained from the analysis of IEX-1 RNA after HSV-1 infection appeared to challenge both the specificity and the mechanism of U L 41-dependent degradation of cellular RNAs. In an attempt to clarify the mechanism of action of U L 41, we examined several other cellular RNAs with respect to their stability and expression in infected cells. It is now well established that specific regulatory sequences, often located within the 3 -UTR of the mRNA, function to promote the stability or instability of the transcript [22] . The ARE (AU-rich element), an adenylate-and uridylaterich element found in many unstable mRNAs, is the most widespread determinant of RNA instability. A recently updated ARE database lists more than 900 ARE-containing mRNAs [23] . IEX-1 mRNA is listed in this database. These RNAs encode cytokines, oncogenes and stress-response proteins that may be inimical to the viral replication and spread. To examine the role of ARE in signalling the degradation, the stability of several RNAs up-regulated during HSV-1 infection were compared. Three ARE-containing RNAs, IEX-1 and those encoding IκBα and c-fos proteins, are subjected in a U L 41-dependent manner to deadenylation, 3 -5 degradation and endonucleolytic cleavage of the RNA in the ARE within the 3 -UTR. In contrast, no evidence of degradation was observed for two RNAs, which encode GADD45β and TTP (tristetraprolin) [18] . Furthermore, both proteins accumulated in infected cells [18] . These results suggest that cellular mRNAs induced during HSV-1 virus infection fall into at least two groups. The first is degraded in a U L 41 gene-dependent manner and the translation products are either not made or do not accumulate in detectable amounts. The second group appears to be stable throughout infection and yields demonstrable quantities of translation products. Thus the degradation of RNAs and the mechanism by which cellular RNAs are degraded in HSV-1-infected cells is selective and might be sequence-specific. Moreover, the persistence of partially degraded ARE-containing RNAs may reflect specific targeting of U L 41 to the ARE and the modification of the RNA degradation machinery of the cell induced by the presence of U L 41.
HSV-1 induces and activates proteins involved in the degradation of ARE-containing RNAs
The up-regulation of TTP RNA and accumulation of TTP protein during HSV-1 infection is of particular interest [24] . TTP was reported to bind to ARE within the mRNAs of several genes, including TNFα (tumour necrosis factor α), GM-CSF (granulocyte/macrophage colony-stimulating factor), interleukin-3 and cyclo-oxygenase COX-2 [25] [26] [27] [28] . This binding causes destabilization of the mRNA and decreased secretion of these proteins [25] . TTP was induced and accumulated in the cytoplasm of HSV-1-infected fibroblasts as early as 2 h and the levels of TTP increased with time after infection and were detected even at later times (Figure 2 ) [24] . The amounts of TTP accumulated in the cytoplasm of cells infected with U L 41 mutant virus were significantly lower compared with those of HSV-1-infected cells. TTP was not activated in cells infected with a mutant lacking the gene encoding ICP4. Since this mutant virus contains U L 41 in its tegument and does not induce TTP, we exclude a direct role of the virion-associated U L 41 in the up-regulation of TTP. However, U L 41 could form complexes and stabilizes TTP since TTP does not accumulate in cells infected with U L 41 mutant. TIA-1 (T-cell internal antigen-1) and TIAR (TIA-1-related protein), two other proteins reported to be involved in the destabilization of ARE-containing RNAs [29, 30] , were also activated during the infection, as evident from their accumulation in the cytoplasm. In infected cells, TIA-1 and TIAR were detected dispersed in the cytoplasm, whereas they are normally resident in nuclei. In cells 
Conclusion
Degradation of ARE-containing mRNAs is one of the means by which HSV-1 curtails the ability of the host to respond to viral entry and expression of viral genes in infected cells. The evolution of a specific HSV-1 pathway for degradation of ARE-containing RNAs may reflect the fact that these RNAs frequently encode cytokines that signal the presence of an infected cell to the immune system. The mechanisms by which HSV-1 induces the transcription and activation of TTP and the translocation of TIA-1/TIAR remain to be elucidated.
A model of NF-κB-dependent RNA synthesis and U L 41-dependent selective degradation in cells infected with HSV-1 is represented in Figure 3 . HSV-1 replication results in the activation of PKR. In cells infected with HSV-1, NF-κB is translocated into the nucleus by activated PKR through IKK activation and subsequent degradation of IκBα. A consequence of NF-κB activation is the up-regulation of numerous cellular genes, resulting in the synthesis of both ARE-and non-ARE-containing RNAs. ARE-containing RNAs are degraded in a U L 41-dependent manner and their protein products are either not made or accumulate only transiently in HSV-1-infected cells, whereas mRNAs lacking ARE are translated. The degradation of ARE-containing RNAs correlates with the induction and translocation of TTP to the cytoplasm of infected cells and, to a lesser extent, in U L 41-infected cells; in contrast, TIA-1 and TIAR appear to be activated in both wild-type cells and mutantvirus-infected cells. TTP and TIA-1/TIAR represent families of proteins that bind and target for degradation AREcontaining mRNAs. It has been reported that activation and translocation of TIA-1 and TIAR are mediated by the phosphorylation of the α subunit of eIF-2 [29] . Moreover, eIF-2α is phosphorylated by activated PKR. Even though phosphorylated eIF-2α is efficiently dephosphorylated by the γ 1 34.5-phosphatase 1α complex, sufficient amount of the phosphorylated form may be present to activate TIA-1/TIAR.
